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 Rothia mucilaginosa is a gram-positive bacterium that is normally found in the 
human oral microbiota. Under normal circumstances, it exhibits a commensal 
relationship with humans. However, in immunocompromised patients and those with 
medical implants, these bacteria can pose a serious health risk. While R. mucilaginosa is 
known to form relatively harmless biofilms in the mouth, little else about its role in the 
oral microbiota is understood. Therefore, in this thesis, I outline experiments performed 
to reveal more about how R. mucilaginosa interacts with other members of the oral 
microbiota.  
 R. mucilaginosa was grown alongside several of its major co-inhabitants in the oral 
microbiota in pairwise fashion on solid growth media to search for signs of interspecies 
interactions. After initial screening, those pairs that showed consistent patterns of 
interactions were selected for further analysis via fluorescence microscopy. While 
staining attempts were ultimately unsuccessful, a consistent interaction pattern was 
confirmed between R. mucilaginosa and Streptococcus gordonii. Interactions were also 
noted between Corynebacterium durum and R. mucilaginosa as well as between 
Corynebacterium durum and Neisseria elongata. Finally, an asymmetric, limited 
interaction was noted between R. mucilaginosa and Neisseria elongata as determined via 
observation of spatial arrangements on solid media. Growth rates of these two species in 
co-culture indicated that this interaction benefitted N. elongata and harmed R. 
mucilaginosa.  
 The information gained from these interaction experiments may shed some light on 
the structure of the oral community in regards to R. mucilaginosa. Additionally, this 
information may allow our lab and others to theorize and design future experiments to 
uncover the causes and mechanisms of R. mucilaginosa’s transitions from a symbiont to a 
pathogen in humans. 
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LIST OF SPECIES STUDIED 
Throughout this thesis, isolated strains of microbial species will be referred to by an 
arbitrarily assigned strain number.  
Strain Number Species Name 
39 Rothia aeria 
41b Rothia mucilaginosa 
42a Streptococcus gordonii 
42b Neisseria mucosa 
43 Rothia mucilaginosa 
44 Corynebacterium durum 
50 Rothia mucilaginosa 
53 Neisseria elongata 
60 Neisseria elongata 
161 Rothia mucilaginosa 





1.0  INTRODUCTION 
Microbes are a ubiquitous force that have shaped life on Earth and therefore 
represent a rich and interesting area of research with many applications [1]. It is widely 
recognized that there are overall more bacterial than human cells in a healthy human adult. 
Human associated microbes, called microbiota, play a significant role in necessary 
homeostatic processes such as digestion [2]. In addition, recent studies have also suggested 
a correlation between the composition 
of the gut microbiota and positive 
responses to cancer immunotherapies 
[3]. On the other hand, the importance 
of microbes in disease progression has 
been investigated; typically, the 
formation of biofilms, aggregates of 
microorganism embedded within a 
self-produced matrix and adhered to a 
surface, in the human body are 
implicated in persistent infection and increased antibiotic resistance [4,5,6]. In light of 
these discoveries, it is likely that an understanding of the microbial systems at work in the 
Figure 1. Illustration of a bottom-up approach to 
microbial community assembly. Arrows represent 
generic interactions between species starting with 
pairwise, to triplicate, to community level 
(represented in the circle). The community in the 
circle has been constructed to exclude a pathobionts 
(red), which is defined as a typically commensal 
species that has become pathogenic. (Photo courtesy 
of Sandra Dedrick)   
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human body will have a significant impact on the future of medicine in a myriad of unique, 
important, and possibly unexpected ways.  
With this in mind, microbiology has shown great promise as a discipline that will 
direct technological and conceptual discovery in the 21st century, particularly in the field 
of microbial ecology [1]. Many bacteria present in the human body are embedded in a web 
of interactions with other organisms which can affect their growth rate, metabolism, and 
spatial arrangement in complex ways [1]. The sum of these interactions can produce 
communities that perform certain functions, including the exclusion of infectious 
pathogens (Fig. 1) and the degradation of toxic materials [1]. However, for these properties 
to be effectively used, predicting and managing the function of microbial communities via 
in silica simulation and mathematical modeling is absolutely crucial [1].  
For theoretical modelling and, ultimately, prediction of function to be accurate, 
identification and measurement of interactions within a microbial community is necessary 
[7]. One way in which this data can be collected and assembled into a model is through a 
bottom-up approach. This method starts by characterizing simple one-to-one interactions 
in order to build increasingly more complex communities with predictable functions (Fig. 
1). It is in the spirit of this approach that this thesis seeks to contribute to the construction 
of a micro-ecological model of the human oral microbiota. In particular, this study has 
looked to assess the one-to-one interaction patterns of Rothia mucilaginosa with several of 
its oral co-inhabitants in the hopes of better elucidating its individual function within the 
community and surmising its potential effects on overall community structure and function.   
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1.1  STUDYING ROTHIA MUCILAGINOSA AND THE ORAL MICROBIOTA 
 
Rothia mucilaginosa is an inhabitant of the human oral microbiota [8]. It has been 
characterized as a gram-positive member of the family Micrococcaceae and has been 
observed as a component of generally harmless biofilms including dental and tongue 
plaque [9,10]. However, in many instances, it has shown virulent potential. In particular, 
R. mucilaginosa has been found in biofilms on stationary implants, including central 
venous catheters and artificial heart valves, increasing the risk of bloodstream infection as 
well as endocarditis [11,12,13,14].  
R. mucilaginosa can have profound effects on immunocompromised patients. 
Studies suggest that those undergoing chemotherapy or who are diagnosed with 
lymphomas are more susceptible to bloodstream infection and in some cases, pneumonia, 
caused by R. mucilaginosa [12,15]. Finally, even though infections are rare, several of 
these studies have revealed that R. mucilaginosa can be resistant to many common beta-
lactams including penicillin, oxacillin, clindamycin, and ciprofloxacin [11,12,13,14]. 
This adds R. mucilaginosa to an ever growing list of antibiotic resistant pathogens. While 
the reasons for this resistance are poorly understood, it has nonetheless prompted studies 
of alternative means of combating this opportunist. For example, recent literature has 
identified zinc oxide nanoparticles as a possible countermeasure to R. mucilaginosa and 
the biofilms it forms on the surface of teeth [5].  
However, while these researchers have made great strides towards better detection 
and treatment of pathogenic R. mucilaginosa, few have explored how this virulent 
potential exhibits itself in the first place or how this organism ordinarily behaves in the 
 4 
mouth. Therefore, I, in conjunction with the lab of Babak Momeni, PhD, have attempted 
to fill some of these gaps in our understanding of this bacteria. In particular, I have 
approached the subject from an ecological standpoint by looking more in depth at the 
specific interactions of R. mucilaginosa with other co-inhabitants of the oral microbiome. 
Hopefully, this information may contribute to future investigation of novel alternative 
means of combating this antibiotic resistant organism. This can include the construction 
of communities that exclude pathogenic R. mucilaginosa, an approach that requires a 
thorough understanding of the particular microbial community dynamics R. mucilaginosa 
is embedded within (Fig. 1). This project may also provide valuable information to our 
lab and others to formulate hypotheses and design future experiments to uncover the 




1.2 SWARMING BEHAVIOR 
Throughout this thesis and the accompanying experiments, swarming behavior is defined 
as growth behavior in which one 
group of organisms preferentially 
migrates into an area in which 
another group of organisms is already 
present (Fig. 2). In previous studies, 
preliminary evidence of the swarming 
behavior of Rothia mucilaginosa was 
noted in our lab by graduate student 
Joshua Linnane, who observed R. 
mucilaginosa swarming both 
Streptococcus gordonii and Neisseria 
elongata when the species were spot 
plated next to one another in a pairwise 
fashion (Fig. 3).  
However, this behavior had yet 
to be confirmed or analyzed via 
rigorous experimentation and 
observation. Therefore, this thesis seeks 
to improve our understanding of this 
phenomenon. While R. mucilaginosa’s 
classification as a non-motile cocci is well documented [9], the manner by which it may 
Figure 2. Spot plates depicting swarming behavior  
(A) and no interaction (B). Combination A depicts 
stereotypical swarming while B depicts avoidance. 
Species depicted are Rothia mucilaginosa (41b and 43) 
and Streptococcus gordonii (42).   
Figure 3. Spot plate with S. gordonii on the left 
and R. mucilaginosa on the right. Spots were 
initially inoculated on the plate 1.0 cm apart. 
Inoculations were 5 uL in volume and at an OD of 
approximately .331. Images were taken after 5 
days of growth at 37 °C R. mucilaginosa appears 










swarm is not. It is well known that even those cells without motile elements, such as 
flagella or pili, may still exhibit movement [16, 17]. Additionally this movement is 
commonly observed to be a competitive feeding strategy in which swarms secrete 
hydrolytic enzymes to lyse other cells and utilize nutrients [18]. Therefore, the effects 
other members of the oral microbiota may have on the swarming and growth behavior of 
R. mucilaginosa and vice versa are potentially interesting 
avenues for the development of a better understanding of 
the role of R. mucilaginosa in the human mouth.         
1.2.1 Approaches 
In order to analyze pairwise interactions between 
R. mucilaginosa and its oral co-inhabitants, several 
experiments were performed. Initially, these experiments 
focused on repeating and confirming the work done by 
Joshua Linnane in the Momeni Lab. These experiments 
were primarily qualitative and designed to give a 
preliminary understanding of how R. mucilaginosa may 
interact with other oral bacteria. The experiments 
involved developing a pairwise spot plating protocol that 
would be uniformly applied to elucidate consistent 
interaction patterns (Fig. 4). Time lapse microscopy was 
also investigated as an analytical technique in conjunction 
with a live staining protocol. In particular, a stain that 
Figure 4. Example of 
pairwise spot plating protocol 
where a colony of one species 
is spot plated directly next to 
a colony of another after 
three days of growth. Various 
types of interaction can be 
noted at the interface between 
each species. Species 
included are Rothia aeria 
(39), Streptococcus gordonii 
(42a), Rothia mucilaginosa 
(43), Corynebacterium durum 
(44), and Rothia 










tagged only the initial inoculation of R. mucilaginosa and was not passed on to progeny 
was desired.  
While the qualitative approach was relatively straightforward and provided 
intriguing observations, additional controls were desired in order to ensure reproducibility 
and obtain more quantitative results. Issues regarding initial cell count in each spot, the 
accuracy of primary spot placement, and the development of a metric for the fitness of 
species grown in the presence of R. mucilaginosa were considered.  
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2.0  METHODS 
2.1 CELL CULTURING 
Based on the potential interactions seen in previous experiments by Joshua 
Linnane, several species isolated from the mouth of a healthy human adult male were 
selected and analyzed for interaction (see list of species studied). These strains had been 
previously isolated and identified by another undergraduate student, Kevin Chen, based on 
their 16S rRNA sequences and using NCBI BLAST analysis (NCBI, 
https://bit.ly/25Tt9Ou). In order to determine the appropriate solid media, oral strains 39, 
41b, 42a, 43, 44, 50, 53, 161, and 164 were revived from frozen stock on 20 mL of solid 
lysogeny broth (LB) and grown for approximately 24 hours at 37 °C. Strains 161 and 164 
were also tested for growth on 20 mL of solid brain-heart infusion (BHI) plates and grown 
for approximately 24 hours at 37 °C in accordance with previous experimental procedures 
established by lab member Thaís Harder de Palma. Pictures of each sample were taken the 
next day.  
 After a sufficient solid growth media was determined, a similarly appropriate 
liquid media was desired. In order to determine this, frozen stocks of strains 39, 41b, 42a, 
43, 44, 50, 53, 161, and 164 were streaked out using a sterile toothpick onto solid LB 
media. These strains were grown for approximately 24 hours at 37 °C and individual 
colonies were picked using a sterile toothpick and inoculated in 3 mL of LB. 
Additionally, Rothia mucilaginosa strains 41b, 43, 50, 161, and 164 were simultaneously 
inoculated in 3 mL of tryptic soy broth (TSB). These samples were allowed to grow in a 
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shaking incubator at 37 °C and their optical densities were measured and compared after 
approximately 24 hours. In all future experiments, only LB liquid and solid media were 
used due to sufficient strain growth in the media as well as for the sake of consistency.   
2.2 SPOT PLATING PROTOCOL 
Individual colonies of strains 39, 42a, 43, 44, and 53 were picked using a sterile 
toothpick and grown in 3 mL LB liquid media at 37 °C in a shaking incubator. The same 
procedure was repeated for strains 41b, 50, 161, and 164 except these were grown in 3 
mL TSB. Each strain was grown for approximately 24 hours in liquid culture and then 
spot plated on 20 mL LB plates. The strains were inoculated in 5 uL circular spots using 
an ErgoOne 0.5-10 uL single channel pipette with their centers approximately .5 cm 
apart. These plates were placed in a 37 °C incubator for approximately 3 days. Pictures of 
whole colonies were taken as well as pictures of each individual colony and the interfaces 
between colonies using a Denville Scientific M2100 series microscope (Denville 
Scientific, https://bit.ly/2EDZwYG) with an attached Omax A3550U camera (Omax 
Microscope, https://bit.ly/2Hicsc0) under a 10X magnification lens.  
In later experiments, this procedure was modified to incorporate 10-15 minute 
intervals after every spot placement to allow for that spot to dry as well as only using 
cells in exponential phase at an OD between .1 and .5. Additionally protocol for later spot 
plating tests was modified so that all experiments consisted of strains grown exclusively 
using LB liquid and solid media according to the procedure described in the above cell 
culturing section.  
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2.3 SOLID MEDIA CARRYING CAPACITY TEST 
 Strains 39, 42a, 43, 44, 60, and 164 were grown in liquid LB media at 37 °C in a 
shaking incubator to exponential OD’s between 0.1 and 0.5. 5 replicates of each of these 
cultures were then spot plated on solid LB media plates in standard Petri dishes of 
100mm diameter at volumes of 10 mL and 15 mL respectively. Cultures were grown on 
solid media at 37 °C for 3 days. After 3 days, colonies were scraped up using a sterile 
toothpick and mixed thoroughly into fresh liquid LB media. This liquid media was 
immediately measured for OD. The average OD value of the 5 replicates on the 10 mL 
plate and 15mL plate were determined respectively. These average OD values were 
compared using the t-test using the program MATLAB (MathWorks, 
https://bit.ly/2isajNJ).    
2.4 FILTER PAPER SPOT PLATING 
Volumes of strains of interest were determined based on size and shape of the 
bacteria. These volumes were compared to the volume of E. coli. A ratio of the calculated 
volume of the strain of interest to the volume of E. coli was calculated and applied to 
approximate cell number per OD unit according to the general assumption OD 1.0 = 8 x 
108 E. coli CFUs. For Rothia spp., V ≈ 4/3π(.55 um)3 due to this species spherical shape 
and average diameter of 1.1 um [9]. Therefore, the average volume was calculated to be 
0.7 um3. This is approximately the same as E. coli, which has an accepted average 
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volume of approximately 0.7 um3 [19]. Therefore, it could reasonably be assumed that a 
1.0 OD of Rothia spp. ≈ 8 x 108 CFUs as well.   
Samples of Rothia spp. were grown in 3 mL liquid LB media in a shaking 
incubator at 37 °C until turbid and then diluted to various optical densities based on the 
initial measured OD using the equation C1V1 = C2V2. These diluted samples were filtered 
via vacuum filtration (USA Scientific, https://bit.ly/2I33JZk) so that cells were 
distributed evenly over the filter paper. Small pieces of this filter paper were cut out using 
a sterilized hole punch. Knowing the surface area of these smaller circles of filter paper 
and the number of cells that were distributed over the surface area of the original filter 
paper allowed an estimation of total CFUs on the smaller circle via the ratio (surface 
area small filter paper)/(surface area large filter paper) = (number of cells on small 
filter paper)/(number of cells on large filter paper). These small circles of filter paper 
were then placed on 20 mL LB solid media next to one another with their centers 
approximately .5 cm apart. These plates were incubated at 37 °C for approximately 3 
days after which pictures were recorded.  
2.5 OD VERSUS CELL NUMBER CALIBRATION CURVES   
 Cells were grown to an initial OD of between 0.1 and 0.5 in 3 mL of liquid LB 
media to ensure that they were likely still in exponential phase. Based on the assumption 
OD 1.0 ≈ 8 x 108 CFUs, cultures were diluted to approximately 2,000 CFUs/mL via a 
serial dilution consisting of two 1:100 dilutions and a final 1:10 dilution. Two solid 
growth plate replicates were created on which 100 uL of the final dilution was spread 
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evenly over a 20 mL solid LB media plate for a final cell count of approximately 200 
CFUs. The plates were incubated overnight and cell counts were noted and imaged the 
next day. 
 After dilution and plating for cell counts was performed, the original liquid 
samples in exponential phase were assessed. The volume of solution that would yield a 
concentrated 6.0 OD culture was determined based on initially measured OD using the 
equation C1V1 = C2V2. Cultures were transferred to conical tubes and centrifuged using 
an Eppendorf 5804R at 4,000 rpm for 10 minutes. The supernatant was removed and the 
calculated volume of liquid LB media needed to create a 6.0 OD solution was added. A 
1:50 dilution of this concentrated culture was performed and the OD of the dilution was 
measured. This measured OD was then multiplied by 50 to determine the true OD value 
for the concentrated solution. The concentrated solution was then diluted in liquid LB to 
yield dilutions ranging from 1.0x the concentration of the original sample to .004x the 
concentration of the original sample. The expected OD was then calculated based on 
these dilutions. Two 120 uL replicates of each diluted sample were then placed in a 96 
well plate and their ODs were measured using a Synergy Mx microplate reader (BioTek, 
https://bit.ly/2Kf0Sx4). These measured ODs were then plotted against the expected ODs 
in a scatter plot and the areas where the line of best fit had an R2 value closest to 1 were 
analyzed.    
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2.6 MEASURING ROTHIA MUCILAGINOSA DOUBLING TIME 
 Rothia mucilaginosa strain 43 was grown in liquid LB media in a shaking 
incubator at 37 °C to early exponential phase OD around 0.2, which was within the 
expected range for exponential growth. This culture was diluted in fresh LB liquid media 
to an OD of approximately 0.03. 120 uL of this sample was placed in the well of a 96 
well plate and 5 replicates were created according to the schematic below (Fig. 5).  
 
A Synergy Mx microplate reader (BioTek, https://bit.ly/2Kf0Sx4) was used to 
measure the OD of the sample every 5 minutes for 24 hours. Cells were kept 
continuously shaking in the microplate reader in between OD measurements. Growth 
curves for each replicate for each replicate were then reported by the program Gen5 
(BioTek, https://bit.ly/2r0PSeD). The overall growth rate for strain 43 was determined by 
taking the average growth rate of the 5 replicates in their exponential phase using 
MATLAB (MathWorks, https://bit.ly/2isajNJ). The doubling time of Rothia 
mucilaginosa strain 43 was then calculated using the experimentally determined growth 
rate and the equation ln(2)/(growth rate) = doubling time.  
Figure 5. Schematic of a 96 well plate used to determine growth rate of Rothia mucilaginosa 
strain 43. The control wells contained 120 uL of LB while the wells labeled 43 contained strain 43 
at an initial OD of .03 in 120 uL LB. Wells labeled empty contained no cells or media and wells 
labeled H2O contained Deionized water.  
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2.7 ISOLATING INDIVIDUAL SPECIES  
 Samples suspected to be a mixture of two or more species were streaked out onto 
20 mL solid BHI media using successive, overlapping streaks. Plates were placed in a 37 
°C incubator overnight. The next day individual colonies were isolated based on 
phenotype and placed in separate test tubes containing 3 mL of rich liquid TSB media. 
These samples were placed in a shaking incubator at 37 °C until turbid for approximately 
48 hours. OD measurements were taken and a DNA extraction was performed for each 
culture before 800 uL of liquid culture was mixed with 200 uL 75% Glycerol solution in 
a cryotube and frozen at -80 °C.  
2.8 DNA EXTRACTIONS 
 DNA was extracted from strains 42a and 42b via precipitation using protocol 
developed by undergraduate student Catherine Henckel and lab technician Michael 
Gates. 500 uL of turbid liquid cell culture was pipetted into a 2 mL centrifuge tube. Cells 
were spun down using an Eppendorf 5804R centrifuge at 13,000 rpm for 4 minutes. The 
supernatant was discarded and the cell pellet was resuspended in 500 uL PBS. 210 uL 
20% SDS mixture, 500 uL phenol:chloroform:isoamyl alcohol (25:24:1), and 0.600 g of 
0.1 mm diameter zirconia/silica beads (Scientific Industries, https://bit.ly/2vWWYpE)  
were added to the suspension. A Digital Disruptor Genie (Scientific Industries, 
https://bit.ly/2hsg2ly) was used to homogenize the mixture at 2500 rpm for 1 minute. The 
mixture was centrifuged again at 13,000 rpm for 10 minutes after which 3 distinct phases 
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were noted. The aqueous top layer containing DNA was removed and isolated (generally 
300 uL to 500 uL). 3 M sodium acetate at 10% the yield of the aqueous layer was added 
to the aqueous layer along with ice cold isopropanol equal to the volume of the aqueous 
layer. The mixture was mixed via pipette. The mixture was then incubated for at least 20 
minutes at -20 °C.  
Next, the mixture was centrifuged at 4 °C and 13,000 rpm for 15 minutes. The 
supernatant was discarded and the DNA pellet was washed using 1 mL of ice cold 70% 
ethanol. The sample was centrifuged once more at 13,000 rpm for 4 minutes to retrieve 
the DNA pellet. The wash was repeated once more and residual ethanol was carefully 
collected using the ErgoOne p200. DNA was placed in a fume hood and allowed to dry 
for approximately an hour. DNA was then dissolved in 200 uL of deionized water 
purified via a Milli-Q system (Millipore Sigma, https://bit.ly/2ji3RZs) and stored at -20 
°C.  
2.9 16S AMPLIFICATION AND SEQUENCING 
 After extraction of genomic DNA, Polymerase Chain Reaction (PCR) was 
performed using a Techne 3PRIMEX/05 Thermal Cycler (Techne, 
https://bit.ly/2HCO3ec) to amplify 16S rRNA gene sequences. PCR tubes contained a 
total volume of 50 uL consisting of 0.5 uL of a 5 U/uL DreamTaq DNA polymerase 
solution (ThermoFisher Scientific, https://bit.ly/2v2nm0P), 5 uL 10X Taq Buffer with 
MgCl2 (ThermoFisher Scientific, https://bit.ly/2JClXkJ), 1 uL 10mM dNTP mix, 0.5 uL 
sample of gDNA at 0.5 ng/uL, 1 uL of 1:1 R/F sample primer solution at 25 uM, and 41.5 
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uL of Milli-Q purified deionized water. The forward primer used was Universal 16S-27F 
and the reverse primer used was Universal 16S-1492R. Both primers were obtained from 
Eurofins (Eurofins Genomics, https://bit.ly/2EDjfI9). PCR conditions used included 30 
cycles with a hot start at 94 °C for 3 minutes, 94 °C melting for 30 seconds, 52 °C 
reannealing for 30 seconds, and a 72 °C extension for 90 seconds. At the end of the last 
cycle, a 10 minute final extension at 72 °C was used after which the mix was held at 10 
°C. Expected product length, according to previous experimental data obtained by Kevin 
Chen as well as primer BLAST analysis (https://blast.ncbi.nlm.nih.gov/Blast.cgi), was 
approximately 1.0 to 1.5 kbp.   
 After amplification, samples were purified using a Zymo Research DNA Clean 
and Concentrator-5 kit (Zymo Research, https://bit.ly/2EzVAZ6). This procedure was 
modified slightly, with 30 uL of pre warmed Milli-Q purified deinonized water being 
used to elute the cleaned DNA samples based on previous experiments done by Michael 
Gates and Catherine Henckel. Samples were then measured for nucleic acid concentration 
and purity using a NanoDrop ND-2000 UV-Vis Spectrophotometer (ThermoFisher 
Scientific, https://bit.ly/2EAKqDl) as well as a Take3 microvolume plate system in 
conjunction with  the Gen5 software (BioTek, https://bit.ly/2r0PSeD). These 
measurements were verified via gel electrophoresis and analysis in ImageJ (ImageJ, 
https://bit.ly/2I69mIB). A 1.2% agarose gel with sample lanes loaded with 3 uL of 
sample, 1 uL of 5X loading dye (Denville Scientific, https://bit.ly/2EDVQpG), 0.5 uL 
Ethidium Bromide (Sigma-Aldrich, https://bit.ly/2v6EMct), and 1 uL of Milli-Q purified 
deionized water was run for 30 minutes at 160 V. 5 uL of a template ladder was used for 
comparison (Thermo Fisher Scientific, https://bit.ly/2rdgVU6). Images were taken under 
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UV light using a Syngene GBOX EF Gel Documentation System (Syngene, 
https://www.syngene.com/). ImageJ was then used to assess band intensities over a 
specified area by comparison to the intensity of a band of known concentration. Before 
these calculations were performed, background intensity produced by the gel itself was 
also measured and subtracted from the band intensities.   
 After DNA concentrations were evaluated, samples consisting of the 16S 
sequences from two distinct species, 42a and 42b, were diluted with Milli-Q deionized 
water to appropriate sequencing concentrations and mixed in 42a:42b ratios of 1:0, 1:10, 
1:3, 1:1, 3:1, and 0:1. These samples were then sent to Dana-Farber/Harvard Cancer 
Center for Sanger Sequencing and prepared according to their DNA Sequencing Sample 
Preparation page (DF/HCC DNA Resource Core, https://bit.ly/2GTpEoq). 
Chromatograms were analyzed for sequence using CLC Sequence Viewer (Qiagen, 
https://bit.ly/2HuofSu) as well as for 16S ratios using QSVanalyzer [20].    
2.10 CELL STAINING AND FLOURESENCE MICROSCOPY 
 A 10 ug/mL stock solution of DAPI stain (ThermoFisher Scientific, 
https://bit.ly/2aI6NvK) was made using fresh Milli-Q deionized water and stored at -20 
°C. R. mucilaginosa cells were grown to exponential phase (OD measure of 0.3) in 3 mL 
LB liquid media at 37 °C in a shaking incubator. They were then subjected to a live 
DAPI staining protocol for R. mucilaginosa adopted from Khan et al. [5].  
5 uL of each sample of stained culture was plated onto a microscope slide and 
observed under a 63x oil immersion lens with a numerical aperture of 1.40 on a Leica 
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DMi8 microscope (Leica Microsystems, https://bit.ly/2vTGFtG). These samples were 
viewed in bright field as well as through the DAPI filter (ex. 360/40) and pictures were 
taken using an ORCA-Flash 4.0 (Hamamatsu, https://bit.ly/2Jr39Ef) and recorded using 
the program MicroManager (MicroManager,  https://micro-manager.org/). For bright 
field, the exposure was set to 100 and the brightness was set to 84. For the DAPI filter, 
the exposure was set to 1,000 and the power was set to 25%.    
 A 10 mM stock solution of CellTracker Blue dye was created by dissolving 2.096 
mg CellTracker with 1 mL DMSO and stored at -20 °C wrapped in aluminum foil with 
the desiccant Drierite according to manufacturer protocol (ThermoFisher Scientific, 
https://bit.ly/2qsIiJE). Tested strains 60, 43, and 44 were grown in a shaking incubator at 
37 °C until exponential phase in 3 mL LB liquid media. Each culture was vortexed 
thoroughly and separated into three samples. These samples were then centrifuged in an 
Eppendorf 5804R at 4,000 rpm for 10 minutes. The supernatant was removed and the 
pelleted cells were placed in three different working solutions consisting of CellTracker 
dissolved in Phosphate-buffered saline (PBS) at concentrations of 5 uM, 15 uM, and 25 
uM that had been pre-warmed in a 37 °C water bath to approximately 37 °C. The cultures 
were then replaced in a shaking incubator at 37 °C for 15 minutes according to 
manufacturer protocol (ThermoFisher Scientific https://bit.ly/2qsIiJE). This setup was 
repeated twice more and cells were left in the shaking incubator with dye for 30 minutes 
and 45 minutes according to manufacturer protocol. After staining, the working solution 
was removed and cells were resuspended in 3 mL LB. 5 uL of these liquid cultures were 
placed on to microscope slides and observed using the Leica DMi8 according to the 
process outlined in the previous paragraph. This process was repeated for E. coli strain 
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K12 that was grown in a shaking incubator at 37 °C in M9 for approximately 2 hours. 
The E.coli were also observed under the microscope in M9 media. PBS in the working 
solution of CellTracker was also replaced with M9.       
2.11 LIQUID CO-CULTURE AND RATIO DETERMINATION 
Rothia mucilaginosa strain 43 and Neisseria elongata strain 60 were grown in 
liquid LB media at 37 °C in shaking incubator to OD’s of 0.15 and 0.24 respectively. 
According to previous calibration curve data, 1.0 OD of strain 43 = 3 x 108 CFUs per mL 
while 1.0 OD of strain 60 = 1.12 x 108 CFUs per mL, yielding an approximately 1:3 ratio 
of 60 to 43. Therefore, before liquid LB co-cultures were created, the monoculture of 43 
was diluted to and OD of approximately .001 and the monoculture of 60 was diluted to an 
OD of approximately .003. Three replicates of these monocultures were created and set 
aside for sampling. The remaining monoculture was then mixed together in liquid LB to 
create co-cultures at specific ratios according to the schematic shown below (Table 1). 3 
replicates of each co-culture were created as well and set aside for sampling.  
The co-cultures and monocultures were 
initially sampled shortly after their creation. 
They were then sampled every hour over the 
course of 6 hours. Co-cultures and monocultures 
to be sampled were removed from the shaking 
incubator and 3.3 uL of the culture was diluted 
in fresh LB media to approximately 100 
Table 1. Schematic of co-cultures 
created and allowed to grow over a five 
hour time period. Cell counts for each 
species were measured every hour via a 
plating protocol described below (section 
2.11).  
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CFUs/100 uL according to the volumes below (Table 2). The cultures were then 
immediately replaced in the shaking incubator and 100 uL of each dilute sample was 
spread evenly over 20 mL solid LB in standard 100 mm diameter Petri dish plates and 
placed in a 37 °C incubator. The volume of fresh LB liquid media used to create the 
dilute samples was doubled every hour. After allowing the cultures on solid plates to 
grow for approximately 48 hours, the number of colonies of each species on each plate 
were counted.    
  
 
Time Point (hrs) Volume of culture (uL) Volume of fresh LB (mL) 
0 3.3 1.0 
1 3.3 2.0 
2 3.3 4.0 
3 3.3 8.0 
4 3.3 16.0 
5 3.3 32.0 
Table 2. In order to dilute co-culture and monoculture sample to approximately 100 CFUs/100 uL, 
3.3 uL of co-culture was placed in doubling amounts of fresh LB media. The dilution was doubled each 
hour due to the doubling time of strain 43 being measured to be approximately an hour.   
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3.0 RESULTS 
3.1 CELL CULTURING  
3.1.1 LB selected as appropriate solid growth media   
 Before other experiments could be run, both an appropriate solid and liquid 
growth media for all strains had to be determined. A solid or liquid growth media that 
was readily available, 
nutrient rich, and 
allowed for uninhibited 
growth of all selected 
strains was desired. 
Initial revival on LB 
showed significant 
growth for all species 
(Fig. 6). Revival of 161 
and 164 on BHI media 
also showed significant 
growth. Upon further 
analysis, it appeared as if 
colonies of 161 and 164 were more numerous and robust indicated by larger diameter 
colonies on BHI as opposed to LB (Fig. 6). However, due to the fact that LB was more 
readily available as a consistently made media in the lab as well as the fact that 
a) b) 
c) 
Figure 6. Significant colony formation was seen for all species after 
24 hours of growth at 37 °C. a, b, and c are all grown on 20 mL solid 
LB media in a standard 100 mm diameter Petri dish. d shows 161 and 
164 grown on 20 mL solid BHI media in a standard 100 mm diameter 





significant growth for all species, even 161 and 164, were still seen on LB, LB was 
chosen as an appropriate solid media.  
 Similarly, significant growth was seen for all species 
after 24 hours of growth in liquid LB media (Table 3). While 
some measured OD values fell below the expected range for 
cultures in exponential phase, this could most likely be 
attributed to a clumping phenomenon seen in the cultures 
for species 42a and 44. Even after several seconds of vortex 
mixing, these strains did not distribute homogenously 
throughout the culture. However, their presence as visible 
clumps of bacteria confirmed their sufficient growth. 
Therefore, due to the fact of its ready availability and its ability to support all species, LB 
was chosen as an appropriate liquid media for all future experiments. Additionally, in 
future experiments, strain 53 was replaced with strain 60 due to potential contamination 
of 53 as reported by undergraduate Kevin Chen.    
3.1.2 Calibration curves showed increased linearity below an OD of 0.5 in 
liquid LB media 
While the calculations used in the filter spot plating protocol (section 2.4) could 
be used as a general approximation of cell number, an experimentally determined 
relationship between cell concentration and OD for our particular strains was desired. 
Therefore, in order to experimentally determine the number of cells present in a culture 
of a particular strain at a particular OD, calibration curves were created. Samples grown 
 
Table 3. OD 
measurements for each 
species were taken after 
24 hours of growth at 37 
°C in LB liquid media. 
 23 
in liquid culture were diluted to several different optical densities according to the 
protocol 




range in which 
the change in 
OD was linearly 
correlated to the 
dilution factor was noted to be at an OD measure of 0.5 and below for the majority of 
strains (Fig. 7).  This linear relationship was significant because it implied that at an OD 
values below 0.5, cell concentration was approximately linearly correlated with OD 
readings. Therefore, increases in OD would be proportional to increases in cell density 
and thus cell growth rates could be determined by looking at changes in OD over time. 
Additionally, this information provided a range within which OD measurements could be 
accurately used to calculate cell density.  
Linearity could not be determined for strains 44 and 60. This was due to the 
inconsistent OD readings produced by these strains. This was most likely due to the fact 
that clumping occurred and that, even after vortexing, the cells would not distribute 
homogenously throughout the liquid culture. Therefore there were areas of the culture 
that had extremely low cell density and areas that had extremely high cell density that 
were both detected by the OD reader and lead to variable results.  
Figure 7. Example of a calibration curve for Rothia mucilaginosa strain 41b. 
Several dilutions were performed and expected OD values were calculated. 
Actual OD values of the dilutions were measured. Shown is the range within 
which the change in actual OD was linearly proportional to the change in 
expected OD, indicating that within this range, changes in measured OD were 
proportional to actual changes in cell density.   
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3.1.3 Cell counts revealed varying cell concentrations per OD unit between 
different strains growing in liquid LB media 
In order for these calibration curves to be effective, the number of cells of a 
particular strain that could be found in 1 mL of a 1.0 OD sample had to be known. 
However, while cell counts in relation to OD measurements for Escherichia coli are 
generally standardized at 1.0 OD = 8x108 CFUs/mL, the cell counts at specific optical 
densities for the strains used in this thesis had yet to be determined. In order to 
approximate this, cell cultures were grown and diluted down to an estimated 100 
CFUs/mL and spread out over a 20 mL solid LB plate and colonies were counted 
according to the protocol described in Methods (section 2.5).  
Assuming each individual colony was the result of a single 
cell, the number of cells that could be found per milliliter of 
that liquid culture at the chosen OD could be determined. 
Finally, this value could be used to calculate the number of 
CFUs/mL present in a 1.0 OD sample of the strain. These 
values varied between strains (Table 4) and were used to 
calculate cell counts for cultures of each strain in future 
experiments.   
Table 4. Cell counts on 
plates at measured OD 
values were used to 
extrapolate the number of 
CFUs/mL at an OD of 1.0.  
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3.1.4 Decreasing solid LB culture volume decreases measured cell density  
 During the initial experimental design process, a means of recording cell 
movements using time lapse microscopy was sought. However, in order to visualize 
species growth on solid LB plates, the sample had to be 
brought closer to the microscope lens (Fig. 8).  Otherwise, 
sample would be outside the focal plane of the microscope, 
producing blurry images. In order to bring the samples 
closer to the lens, thinner solid LB media plates were 
designed. These plates would only contain 10 mL or 15 mL 
of solid LB media. However, this decrease in volume would 
likely result in a decrease in available nutrients and 
moisture.  
To more accurately quantify the potential effects of a decreased volume of growth 
media on species growth, 5 replicates of each selected oral species were grown on both 
15 mL and 10 mL of solid LB media in a standard 100 mm diameter Petri dish according 
to the protocol established above (section 2.3). After growth, the colonies of each strain 
were scraped up and measured for density in liquid LB media. After comparing average 
cell densities using the t-test, it was determined that strains 39, 42a, 43, and 44 all showed 
significantly decreased growth on 10 mL of solid LB media as opposed to 15 mL of solid 
LB media. A comparison could not be made for 60 since the 10 mL had dried rapidly and 
cells could not be scraped off. Additionally, 164 grew to very low densities on both the 
10 mL plates as well as the 15 mL plates and showed no significant difference in growth 
between the two (Fig. 9).  
Figure 8. On LB solid 
plates, light reflected from 
cell colonies has to pass 
through both the solid media 
as well as the airspace 
between the objective and the 
petri dish. The farther the 
distance traveled, the more 
the light is dispersed and the 
more blurry the image.  
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These results revealed 
a significant negative effect on 
growth that decreasing solid 
LB volume had on the 
majority of the strains of 
interest. Therefore, the thinner 
solid LB plates would have 
potentially introduced a new 
variable that affected species 
behavior in the form of 
nutritional stress. In order to limit the effects of this nutritional stress, thin solid LB plates 
were not used in future experiments. Unfortunately, due to time constraints, other means 
of observing cells via time lapse microscopy were not tested. Possible solutions are 
therefore mentioned in the following discussion (section 4.2.3).  
3.2 SPOT PLATING AND INTERACTION PATTERNS  
 
3.2.1 Pairwise spot plating shows consistent limited interaction between 
strains 43/60 on LB solid media  
In order to determine the presence and nature of individual species interactions, 
pairwise spot plating was performed. Initial spot plates were created according to the 
schematics below to ensure each strain had an opportunity to interact with every other 
strain on an individual basis (Fig. 10). Additionally, all R. mucilaginosa strains were 
Figure 9. OD values for strain 43 after scraping colonies off 
10 mL and 15 mL of solid LB media in a standard Petri dish of 
100 mm diameter. OD values at 15 mL were consistently 
higher than those at 10 mL, indicating increased growth. 
Similar patterns were seen for the other strains tested. 20 mL 
was also tested for this strain only and showed a continued 
upward trend in cell density.  
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paired with one another according to the diagram below (Fig. 10). These plates were 
created using the protocol previously described in methods (section 2.2).  
 
 
 Strains 43 and 60 showed a limited pattern of interaction (Fig. 11). This resulted 
in a defined barrier between the two species, visible on solid media and implied that 
Rothia mucilaginosa did not swarm areas occupied by Neisseria elongata as previously 
thought. However, the mechanism of this limited growth was yet to be determined. The 
presence of a true interaction was reinforced by observations that showed when strains 43 
a) b) c) d) e) 
f) 
Figure 10. Pairwise spot plate setup for preliminary spot plating experiments. Each Rothia 
mucilaginosa (41b, 43, 50, 161, 164) is plated alongside Corynebacterium durum (44), Neisseria 
elongata (60), Rothia aeria (39), Streptococcus gordonii (42a) using 5µL spots of saturated liquid 
culture spaced 0.5 cm apart. Pictures were recorded after three days of growth at 37 °C. Table f shows 
each Rothia mucilaginosa strain paired with every other Rothia mucilaginosa strain grown at the same 
conditions.  
60 60 60 60 60 
42a 42a 42a 42a 42a 
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and 60 were grown alone, no specific pattern of growth was noted and colonies simply 
expanded uninhibited in all directions.  
 
3.2.2 Pairwise spot plating shows consistent attractive interaction between 
strains 44/43, 42a/43, and 44/60 on LB solid media  
In contrast to strain pair 43/60, swarming behaviors were present for the strains 44 
and 43 as well as strains 44 and 60 on initial pairwise spot plates. In particular, these 
initial experiments showed 44 seemingly growing into space occupied by 60 as well as 
strain 44 swarming strain 43 (Fig. 12). This observation of interaction between 
Corynebacterium durum and Rothia mucilaginosa had not been previously noted. 
Additionally, there appeared to be an interaction between strains 42a and 43 with 43 
swarming the area occupied by 42a (Fig. 12). This corroborated with observations by 
Joshua Linnane, which showed Rothia mucilaginosa swarming Streptococcus gordonii.  
Figure 11.  Picture a shows Rothia mucilaginosa strain 43 and Neisseria elongata 
strain 60 interacting on 20 mL solind LB media in a standard 100 mm diameter Petri dish 
after 3 days of growth at 37 °C. There is a defined barrier at the interface between the two 
species. Picture b shows strain 43 alone and picture c shows strain 60 alone. Both species 
alone tend to grow radially outward and maintain more spherical shapes due to this radial 
growth. 5 uL of all strains were spot plated using a micropipette on 20 mL solid LB agar 
in a standard 100 mm diameter Petri dish and incubated for 3 days at 37 °C. Pairs were 
spotted with their centers 0.5 cm apart and formed circular colonies of approximately 0.5 
cm diameter.  
a) b) c) 
43 60 43 60 
 29 
  
In order to further investigate these interaction patterns, these initial spot plating 
experiments were later repeated using a more refined experimental protocol that sought to 
better control for differences in cell growth activity, spot positioning, and cell growth 
media as described in Methods (Section 2.2). In order to do this, only cell cultures 
actively growing in exponential phase, as indicated by an OD between 0.1 and 0.5, were 
selected for plating. Additionally, spots were allowed to dry before subsequent spot 
plating was attempted. This helped to ensure that liquid spots would not move or mix 
during additional spotting or movement into the incubator. To limit the effects of variable 
nutrient concentrations or other media components on differences in growth, LB liquid 
and solid media was used consistently to grow and plate strains of interest.   
While swarming interactions were not as dramatic as in the initial observations, 
attractive interactions in which one cell type preferentially grows into or near the area of 
another, remained consistent. 44 seemed to grow more densely in areas nearer to strains 
43 and 60 rather than simply growing radially outward and evenly in all directions (Fig. 
Figure 12. Picture a shows Corynebacterium durum strain 44 swarming Rothia mucilaginosa strain 
43. Picture b shows strain 44 swarming Neisseria elongata strain 60. Finally, c shows 43 swarming the 
area occupied by Streptococcus gordonii strain 42a. 5 uL of all strains were spot plated using a 
micropipette on 20 mL solid LB agar in a standard 100 mm diameter Petri dish and incubated for 3 days 
at 37 °C. Pairs were spotted with centers 0.5 cm apart. Spots were approximately 0.5 cm in diameter.  








13). This interaction held for 42a and 43 as well, with consistent swarming of 42a by 43 
noted (Fig. 13). 
 
Additionally, whereas the strain pairs 44/43, 44/60, and 42a/43 seem to show 
attractive patterns of interaction, pairs consisting of the same species (i.e. 43/43, 44/44, 
Figure 13. Picture a shows a consistent swarming interaction present between strains 42a and 43. 
Picture b shows a consistent attractive interaction between strain 44 and 43, with strain 44 consistently 
growing more densely in areas closer to 43. Picture c shows a consistent attractive interaction between 
44 and 60, with 44 growing more densely in areas closer to 60. Finally, picture d shows an enlarged 
image of the second from the top pair of 44 and 60 from picture c. Cells of strain 44 are growing more 
densely at the interface between the two colonies. 5 uL of all strains were spot plated using a 
micropipette on 20 mL solid LB agar in a standard 100 mm diameter Petri dish and incubated for 3 days 
at 37 °C. Pairs were spotted with centers 0.5 cm apart.     







































60/60, and 42a/42a) tended to show more avoidant patterns of behavior and growth was 
concentrated on the edge of the spot circle furthest from its partner spot while little 
interaction was seen at the interface of the colonies (Fig. 14). 
 
  
Figure 14. Picture a shows strain 44 paired with itself. Colonies became denser further away from 
the potential interface. Additionally, no interactions at the colony interfaces were seen. Strain 43 in 
picture b showed similar results. Strains 42a and 60 also showed little to no contact at the interface 
between colonies in pictures c and d respectively. Picture e is an enlarged image of the top pair in image 
b which shows no interaction at the colony interface and increased cell density at points farthest from 
the interface. 5 uL of all strains were spot plated using a micropipette on 20 mL solid LB agar in a 
standard 100 mm diameter Petri dish and incubated for 3 days at 37 °C. Pairs were spotted with centers 










































c) b) a) 
43 43 
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This suggested that colony growth patterns and spatial arrangements may be species 
specific and depend upon the identities of the species that are paired together. In this 
case, variable species interactions result in attraction while same species interaction 
results in avoidance. While the exact mechanisms of species attraction and avoidance 
have not yet been investigated for these species, it is possible that a relationship in which 
one species produces a metabolite required by the other induces an attractive pattern of 
growth in which one species prefers growing in proximity to another [21]. Similarly, 
avoidant behavior by similar species may be the result of waste or toxins produced by 
those species that prevent growth into one another’s territory, leading to spatial isolation 
and decreased direct competition for resources. Finally, those spots of each strain that 
were spot plated alone did not seem to show any particular pattern of growth, further 
reinforcing the specificity of the interactions of 44/43, 42a/43, and 44/60 (Fig. 15).  
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3.2.3 Filter spot plating protocol resulted in decreased strain growth on LB 
solid media  
After initial spot plating was performed to assess species growth on solid LB 





















a) b) c) 
d) 
Figure 15. Picture a shows 44 growing alone and expanding uninhibited radially and evenly. Picture 
b shows 43 growing alone also expanding radially and evenly. Picture c shows the same pattern of even 
radial growth for strain 42a as does picture d for strain 60. 5 uL of all strains were spot plated using a 
micropipette on 20 mL solid LB agar in a standard 100 mm diameter Petri dish and incubated for 3 days 
at 37 °C. Spots were approximately 0.5 cm in diameter.  
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‘filter paper protocol’ was developed. In this protocol, liquid cultures were filtered at 
specific optical densities using a filter paper and a vacuum filtration device. Since no cell 
passes through the filter paper, an estimate of the number of cells deposited on the entire 
filter paper could reliably be made. Calculations based on individual cell volume were 
used to determine cell numbers in liquid culture and thus cell numbers on the overall 
filter paper. From there, holes were punched out of this filter paper and placed on an LB 
plate.  
The anticipated benefits of this method were multifaceted. First, since cell counts 
on the surface area of the entire circular filter were known, cell counts on cutouts of this 
paper of smaller, uniform surface area could also be estimated. Second, this method 
allowed for more accurate spot placement since the samples were not liquid and subject 
to as much movement. Finally, this method decreased the chances of spot mixing due to 
this decrease in movement. Therefore, a proof of concept experiment was performed in 
order to determine the feasibility of this method. 
After plating was performed it was noted that even when initial OD and solid 
growth media was controlled for, overall cell growth appeared to decrease (Fig. 16). 
Colony morphologies also appeared altered as well. This may have been due to decreased 
contact with the solid LB growth media resulting in more limited access to nutrients. The 
physical presence of the filter paper may have also effected growth patterns by acting as a 
barrier or scaffold. Due to the decreased and altered growth noted, the filter spot plating 
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OD = .01 
OD = .01 
Figure 16. Swarming interaction between strains 39 and 161. Both cell density at the time of initial 
spot plating as well as presence of filter paper seem to affect growth patterns. The filter spot plates 
appear to lead to lower cell density colonies as well as significantly altered pattern of strain interaction. 
All strains in pictures a and b were spot plated at a volume of 5 uL with their centers 0.5 cm apart. 
Filter paper spots were spot plated according to the protocol outlined in section 2.4 with their centers 
approximately 0.5 cm apart. Measured OD values at time of initial spot plating for all strains are 
shown. All strains shown were grown on 20 mL solid LB media in a standard 100 mm diameter Petri 
dish and incubated at 37 °C for 3 days. Spots were approximately 0.5 cm in diameter.   
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3.3 STAINING TO MONITOR THE SPATIAL DISTRIBUTION OF CELLS 
3.3.1 DAPI was unsuccessful at staining Rothia mucilaginosa  
While simple pairwise spot plating experiments hinted at the general nature of 
species interactions, knowledge of more specific characteristics of these interactions were 
desired. Initially, fluorescently labeled Rothia mucilaginosa was sought in an effort to 
visualize growth patterns on solid media over time using a combination of fluorescence 
and time lapse microscopy. This would allow not only visualization of growth over time, 
but staining would also ensure that R. mucilaginosa could be easily identified at the 
interface of interaction on solid media. Transformation of Rothia mucilaginosa using 
fluorescent GFP was the preferred method and electroporation was considered as a 
possible route. However, other reports had revealed this method to be unsuccessful [22]. 
Upon further investigation, it was discovered that the lab of Takayuki Nambu, PhD at 
Osaka Dental University was currently working to publish a method of electroporation 
for R. mucilaginosa. However, the data is not accessible as of yet. Therefore, it was 
decided that other methods should be attempted, namely live staining using DAPI as 
indicated by the protocol in Khan et al. [5].  
 In this case, a sample of R. mucilaginosa strain 43 at an OD of 0.2 was stained 
using 5 ug/uL of DAPI. This culture was incubated at room temperature for 35 minutes 
and washed twice with PBS and then resuspended in LB liquid media. A 5 uL sample of 
this culture was taken immediately prior to the wash and immediately after resuspension 
in LB media after washing. It was found that while staining appeared successful before 
the wash, after washing, stained cells could not be visualized under a DAPI fluorescence 
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filter (Fig. 17). Therefore it was determined that while DAPI was a successful at 
indicating cell locations when present in excess, it was not able to cross the living cell 
membrane of R. mucilaginosa and therefore did not properly fulfill its function of 
intercalating into the DNA.   
    
Figure 17. Picture a shows a sample of Rothia mucilaginosa strain 43 stained with 5 ug/mL of DAPI 
under observation on the bright field setting in a Leica DMi8 microscope at an exposure of 100 and 
power of 81. Picture b shows the same sample under the DAPI filter of a Leica DMi8 microscope at an 
exposure of 1000 and power of 25%. Picture c shows the same sample after washing with PBS 
according to the protocol described in section 2.10 on the bright field setting at an exposure of 100 and 
power of 81. Finally, picture d shows the same sample after washing under the DAPI filter at an 





3.3.2 CMAC CellTracker blue was unsuccessful at staining Rothia 
mucilaginosa, Corynebacterium durum, Neisseria elongata, and Escherichia 
coli strain K12 
Due to the failure of the DAPI live staining protocol, CMAC CellTracker Blue 
staining was attempted. This dye was selected based on its non-cytotoxic nature, ability 
to stain living cells for prolonged periods, and its ability to stain gram-positive bacteria 
[23, 24]. Additionally, its absorption and emission spectrum was appropriate for the 
DAPI filter on a Leica DMi8. Strains 43, 44, and 60 at OD’s of 0.2, 0.1, and 0.1 were 
stained and incubated according to the protocol above (section 2.10). The OD of 44 was 
measured to be low due to clumping. These strains were chosen based on their consistent 
interaction patterns as outlined in the section on spot plating experiments above. 
Unfortunately, after cell washing, little to no CellTracker dye was noted upon observation 
under the DAPI filter irrespective of dye concentration or incubation time. In order to 
verify these results, the same experiment was run using the better characterized and 





3.4 MIXED CULTURE EXPERIMENTS 
3.4.1 Mixed ratio reads were unclear and could not be accurately read in 
QSVanalyzer 
In order to understand the population dynamics of areas of overlap between 
colonies that swarmed one another, 16S ratio comparisons were desired. This would 
allow for comparison of how well or poorly one species grew in the presence of another 
and provide some cursory evidence as to the nature of the interactions between particular 
species. For example, if the interaction was overall mutualistic, we would expect to see 
ratios of 16S sequences approaching 1. If the interaction was competitive and one species 
was outcompeting or predatory towards another, we would expect to see more skewed 
16S ratios.  
After the 16S sequence of individual species 42a and 42b was determined, mixed 
samples at known ratios of 42a:42b were sent for Sanger sequencing.  
Upon receipt of the chromatogram data, single nucleotide differences between 16S 
sequences would be identified and relative concentrations of each nucleotide at that 
specific locus would be determined in QSVanalyzer to infer the ratio of one species to 
another.  
Before being sent for sequencing, 6 replicate samples of amplified 16S DNA of 
species 42a and 42b were analyzed using gel electrophoresis (Fig. 18).                         
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The gel revealed high concentration bands at 1.5 kbp which was the anticipated length of 
the 16S PCR product for each species (Fig. 18).  
Figure 18. Picture a shows a gel electrophoresis of 6 replicates of sample 42a PCR amplified 16S 
DNA after cleanup using a Zymo Research DNA Clean and Concentrator kit. Lane 1 contained 5 uL of 
Thermo Fisher Mid range DNA ladder while lanes 2 through 7 contained 3 uL of sample 16S DNA 
solution and 1 uL of 5X loading dye. The gel used was 1.2% agarose and was run at 160V for 30 min. 
All bands aligned at 1,500 bp. Picture b shows a gel electrophoresis of sample 42b PCR amplified 16S 
DNA after cleanup with Zymo Research DNA Clean and Concentrator kit. Lane 1 contained 5 uL of 
Thermo Fisher Mid range DNA ladder while lanes 3 through 8 contained 3 uL of sample 16S DNA 
solution and 1 uL of 5X loading dye. The gel used was 1.2% agarose and was run at 160V for 30 min. 

















1 2 3 4 5 6 7 8 
1 2 3 4 5 6 7 
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Since the presence of 
DNA fragments of the 
appropriate length were 
confirmed, concentration as well 
as purity of DNA was measured 
using Take3 and ImageJ. DNA 
was deemed pure at a 260/280 
ratio of approximately 1.8 as 
determined by Take3. In order to 
calculate the concentration of 
DNA in the bands at 1.5 kbp 
using ImageJ, the brightness of 
those bands was compared to the 
brightness of the ladder at 1.5 kbp, which had a known concentration of 4.4 ng/uL. The 
concentration of DNA in each band was determined to be consistently lower when using 
the ImageJ technique than the values reported by Take3 (Table 5). This was likely due to 
the smearing present on the gels which contained fragments of DNA that were either 
larger or smaller than the desired kbp length. Therefore, while the Take3 plate measured 
the overall concentration of all DNA in the sample, the calculated concentration of the 
bands only included the concentration of the DNA of the appropriate kbp size.  
Table 5. Table a shows DNA concentrations in each of 
the wells in the gel electrophoresis depicted in Figure 18, 
picture a. Calculated concentrations were determined using 
band intensities as determined by ImageJ. Measured 
concentrations were determined via Take3 analysis. Table 
b shows the same information for the gel depicted in Figure 




 The calculated concentration of DNA in the bands of interest using ImageJ and 
concentrations measured using Take3 were divided by one another to give a ratio (Table 
5). The three replicates of both 42a samples that had ratios of Take3 
concentration:ImageJ ratio closest to 1 (Table 5) were mixed and their concentrations 
were averaged and subsequently diluted to 36 ng/uL using Milli-Q purified deionized 
water (Table 6).  The same was done for the three replicates of 42b with ratios closest to 
1. Those with ratios closest to 1 were chosen because this indicated that Take3 had 
detected less extraneous 
material. Finally, the samples 
were diluted to the 
appropriate read 
concentrations as indicated by 
Dana-Farber/Harvard Cancer 
Center for Sanger 
Sequencing, mixed in the appropriate known ratios, and sent in for sequencing (Table 6).  
After analysis of particular base sequences where the 16S sequences differed, 
however, ratios were much different than expected (Table 7). Due to this, it was not 
possible to use QSVanalyzer to determine the 16S sequence ratios.  
 
Table 6. Sample DNA ratios, DNA concentrations, and 
species DNA sample volumes sent to Dana Farber/Harvard 
Cancer center for sequencing. All DNA was dissolved in Milli-Q 
purified deionized water. All volume pairs shown were mixed, 
resulting in the total volume of each sample being 12 uL.   
Table 7. Analysis of 16S sequences 
using QSVanalyzer at points of difference 
resulted in ratio values much different than 
expected.  
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3.4.2  Mixed culture experiments and growth rate show decreased growth 
rate of 43 and increased growth rate of 60 when grown in liquid co-culture 
 Since 16S sequence ratios could not be used as a metric to assess the effect of one 
species on the growth of another, growth rates in co-culture were substituted. Strains 43 
and 60 were selected due to their limited pattern of interaction as noted in initial pairwise 
spot plating experiments. These species were grown in both monoculture and co-culture 
and samples were taken every hour for 6 hours to determine cell counts. The changes in 
cell counts over time allowed for an approximation of the overall growth rate. The 
growth rate of 43 and 60 in mixed cultures of 43/60 were compared to monocultures of 
the same species.  
 Upon analysis, it appears that while the growth rate of strain 43 saw a decrease 
from monoculture to co-culture, strain 60 saw an increase (Fig. 19). This suggests an 
asymmetric interaction in liquid co-culture, with Rothia mucilaginosa being harmed and 
Neisseria elongata benefitting. While more limited access to nutrients due to competition 
may partially explain the decrease in growth rate of strain 43, it would not account for the 
increase in growth rate seen in strain 60. Therefore, this data suggests that this interaction 
may be due to more species specific factors, such as predation by N. elongata and is not 
merely a result of general mediators such as nutrient access. While this experiment 
cannot elucidate the exact mechanism of interaction, it does, along with the pairwise spot 
plating data, affirm the presence of an interaction and hints at its overall asymmetric 




Figure 19. Change in cell count over time for Rothia mucilaginosa strain 43 and Neisseria elongata 
strain 60 in both monoculture and co-culture. The slope of each line is the growth rate for that particular 
sample. The average growth rate of all samples on the graph is depicted on each graph is represented in 
the top left corner. Graph a represents strain 43 in monoculture. The line for sample 1 is not included as 
its slope was drastically larger than the other two, indicating potential contamination. Graph b 
represents strain 43 in co-culture with strain 60 at a ratio of 1:1. Graph c represents strain 60 in 
monoculture and graph d represents strain 60 in the same 1:1 co-culture with strain 43. Cultures were 
grown in LB liquid media and cell counts were determined using the dilution and plating scheme 
described in methods 2.11.  
a) b) 
c) d) 
Avg. Slope: 0.96 
Avg. Slope: 0.88 
Avg. Slope: 1.5 




4.1.1 Patterns of interaction 
 The consistent patterns of interaction observed in the pairwise spot plating 
experiments suggest a true attractive interaction between Streptococcus gordonii and 
Rothia mucilaginosa, with S. gordonii being swarmed by R. mucilaginosa. This 
observation was further reinforced by previous data collected by Joshua Linnane.  
In contrast, the observed interaction between R. mucilaginosa  and Neisseria 
elongata appeared to be limited as indicated by growth patterns on pairwise spot plates. 
This result was different from previous observations and therefore warranted further 
investigation via a well-mixed co-culture growth experiment. This experiment revealed 
that in co-culture, R. mucilaginosa seems to suffer a decreased growth rate whereas N. 
elongata appears to derive the benefit of an increased growth rate. This suggests an 
asymmetric relationship between the two species, with N. elongata acting in a predatory 
fashion, harming R. mucilaginosa for its own benefit in well-mixed liquid co-culture. 
This may also help to explain the limited interaction between N. elongata and R. 
mucilaginosa on solid growth media, specifically the observation that R. mucilaginosa 
does not swarm N. elongata on solid growth media. 
Finally, consistent attractive interactions between Corynebacterium durum and 
both R. mucilaginosa and N. elongata were discovered. These interactions on solid media 
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were novel and appeared to be species specific, with growth patterns of each strain being 
influenced by the identity of its pairwise partner.    
4.1.2 Broader implications 
 The interaction patterns seen in this experiment may be a useful springboard for 
others who would wish to characterize the oral microbiota. In particular, while the 
presence of consistent interaction was screened for in this thesis, the mechanisms by 
which these interactions occur is not yet known. Therefore, future research may use the 
data obtained here to hone in on meaningful interactions and to analyze them at the 
molecular level. This line of research may be useful in elucidating which chemical 
metabolites may be most influential in these interactions.  
 Additionally, with cursory knowledge of the presence and nature of pairwise 
interactions between particular oral species presented in this thesis, future researchers 
may have the building blocks to begin constructing a model of the human oral 
microbiological system using a bottom-up approach. As more data is collected 
concerning the presence of other pairwise interactions, their chemical mechanisms, and 
their relative strengths of interaction, more accurate models of this microenvironment can 
be constructed. Eventually, these models may be predictive in determining factors that 
lead to R. mucilaginosa pathogenicity as well as what community structures may limit 
this pathogenicity or eliminate R. mucilaginosa from the microenvironment entirely if 
deemed necessary.       
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4.2  LIMITATIONS 
4.2.1 Cell Staining 
 Cell staining protocols using both DAPI and CMAC CellTracker Blue were 
unsuccessful in staining strains of interest, including R. mucilaginosa. While DAPI is 
traditionally used to stain dead cells due to its inability to pass through living cell 
membranes, the protocol provided in Khan, et al. [5] seemed to suggest that at high 
working concentrations, it would be a viable option for staining Rothia species. Its ready 
availability in the lab also made it an attractive option. However, observation of cultures 
using fluorescence microscopy after washing revealed that even at relatively high 
concentrations, DAPI was likely unable to cross the cell membrane of living cells.  
 Therefore, a new dye was sought and CMAC CellTracker Blue was tested. The 
product description was in line with the requirements for the Leica DMi8 microscope and 
the fact that the dye could be retained by gram positive cells over a longer period of time 
was attractive. This would have given the cells time to grow, interact, and arrange 
themselves on solid growth media over the course of several days and still be able to be 
differentiated via fluorescence. However, in this case, it did not appear if cells of interest 
were stained even before washing. E. coli K12 was also tested due to concerns that the 
peptidoglycan cell walls of the gram positive bacteria were inhibiting uptake of the dye. 
This did not seem to be the case however, as K12 remained unstained as well under the 
same conditions.   
 Other dyes were considered but could not be tested due to budgetary and time 
constraints. Other promising dyes included SYTO 9 and Hoecht 3342. Both are nucleic 
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acid stains that are cell permeable. However, their ability to stain over the course of 
several days was uncertain, as well as the potential cytotoxicity as a result of intercalation 
with cell DNA. Therefore, CMAC CellTracker Blue was selected for testing over these 
options for this thesis. However, both of these stains may be viable options for live cell 
staining in future pairwise spot plating experiments. Another option may include 
electroporation and transformation with a fluorescent protein. Electroporation was 
apparently successful for the Nambu lab in Osaka, but their data has yet to be made 
public. Therefore, while electroporation and transformation was not attempted in this 
thesis, this technique may be available to future researchers.   
4.2.2 16S ratio analysis 
 While several precautions were taken to ensure that DNA sent for sequencing was 
uncontaminated and at appropriate concentrations, the chromatograms received indicated 
the presence of both contaminants and low concentrations of sample. This effect was 
most pronounced in the chromatograms for mixed samples of 16S DNA at known ratios. 
One explanation could be contamination during the initial genomic DNA extractions 
during which the aqueous layer containing the DNA did not completely separate. Another 
consideration may be that while total DNA volume in the mixed samples was at the 
appropriate concentration for sequencing, the concentrations of individual samples in 
these mixed cultures were lower than the recommended concentrations, resulting in reads 
for each sequence that appeared low. 
 Courses of action that may have been useful to undertake would have been re-
extracting genomic DNA with the help of more experienced personnel in order to ensure 
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purity. Greater concentrations of DNA for each sample used in the mixed cultures may 
have also garnered better results. Issues with the DNA clean-up kit were considered but 
deemed unlikely due to sufficient purity readings using 260/280 ratios immediately after 
clean up. Therefore, in the interest of time, this avenue of study was not pursued further. 
4.2.3 Reduced volume solid media 
 While reduced volume solid media plates would have been invaluable for colony 
visualization in time lapse microscopy, lower carrying capacity seen due to reduced media 
volume was significant. Additionally, bacteria may behave differently or produce different 
metabolites under conditions of starvation or desiccation stress. Therefore, for the purpose 
of this thesis in determining the nature of these interactions in nutrient rich environments, 
the method of reduced volume plates was not deemed useful.  
 One solution would be to obtain a long-working distance lens for use with the 
thicker solid media plates. This would allow for clearer imaging without having to 
compromise the nutritional integrity of the media. It was not possible to test this method 
however due to budgetary and time constraints.   
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4.3 FUTURE WORK 
4.3.1 Additional well mixed co-cultures 
 The well mixed co-culture experiment testing 43 in the presence of 60 provided 
interesting data about the growth rate of each species in co-culture and the potential 
effects these species may have on one another based on growth rate. While an 
asymmetrical interaction between species with limited interaction on solid growth media 
was tested, the consistent attractive interactions seen between 43/44, 44/60, and 42a/43 
would be interesting to test as well. While the spot plating data suggests that these 
interactions were not spurious, their behavior in a well-mixed co-culture may help to 
elucidate the nature of those interactions, whether they be mutual or asymmetric, as well 
as which species may be benefitting. While protocol was established for such an 
experiment, these tests were not performed due to time constraints.      
4.3.2 Well mixed co-culture versus solid media 
 While the well mixed co-culture experiments provided valuable information on 
species growth rates in the presence of one another, it was uncertain whether these 
relationships would hold if cells from the mixed culture were grown on solid media. 
Therefore, a useful future direction may be to run the well mixed co-culture experiments 
for strains of interest but to add in a spot plating protocol. This protocol would consist of 
lone spots of well mixed co-culture being placed on solid LB media at different time 
points. This would allow for a concurrent estimation of the effect on growth rate the 
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species in co-culture have on one another as well as providing significant data about how 
these species spatially arrange on solid media and if the nature of their interaction effects 
this spatial pattern. 
4.3.3  HPLC supernatant analysis 
 In addition to running a concurrent spot plating experiment to investigate cell 
spatial arrangement after growth in co-culture, HPLC analysis of varying metabolites in 
the supernatant of these well mixed co-cultures would be useful. This would allow for the 
analysis of the rise and fall of certain metabolites over time and how it may correlate with 
species growth rates. It may also allow for isolation of particular metabolites produced or 
consumed by particular species. This method would hopefully allow for more definitive 
analysis concerning the biochemical mechanisms behind the interactions seen between 
colonies on solid media and in well mixed co-culture on a macro scale.  
4.3.4 Time lapse microscopy 
 Finally, due to technical difficulties concerning plate volume, lens working 
distance, and cell staining, time lapse microscopy was not performed. However, if these 
technical issues are resolved via the techniques described above, this method has the 
potential to reveal interesting information about species interactions on solid media, their 
growth patterns, as well as their end spatial arrangements.  
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6.1 ADDITIONAL INFORMATION 
6.1.1 Growth of original strain 42 on BHI revealed the presence of two 
different strains 
 
During the initial determination of a suitable growth media, 42 was tested on BHI. 
Colonies with two distinct morphologies appeared indicating a mixed culture. These 
colonies were isolated using the isolation and storage protocol described in the isolating 
individual species section. After isolation, the strains were labeled 42a and 42b. Their 
genomic DNA was extracted and their 16S sequences were amplified and sent out for 
Sanger sequencing. Evaluation of the resulting chromatograms via a BLAST analysis and 
CLC workbench revealed that strain 42a was most likely Streptococcus gordonii while 
strain 42b was likely Neisseria mucosa.  
 
6.1.2 DNA Sequences 
 
DNA Primer Sequences used in 16S sequence PCR amplification include: 
Universal 16S-1492R: GGTTACCTTGTTACGACTT 
Universal 16S-27F: AGAGTTTGATCCTGGCTCAG    
